In Alzheimer's disease (AD), astrocyte properties are modified but their involvement in this pathology is only beginning to be appreciated. The expression of connexins, proteins forming gap junction channels and hemichannels, is increased in astrocytes contacting amyloid plaques in brains of AD patients and APP/PS1 mice. The consequences on their channel functions was investigated in a murine model of familial AD, the APP swe /PS1 dE9 mice. Whereas gap junctional communication was not affected, we revealed that hemichannels were activated in astrocytes of acute hippocampal slices containing Aβ plaques. Such hemichannel activity was detected in all astrocytes, whatever their distance from amyloid plaques, but with an enhanced activity in the reactive astrocytes contacting amyloid plaques. Connexin43 was the main hemichannel contributor, however, a minor pannexin1 component was also identified in the subpopulation of reactive astrocytes in direct contact with plaques. Distinct regulatory pathways are involved in connexin and pannexin hemichannel activation. Inflammation triggered pannexin hemichannel activity, whereas connexin43 hemichannels were activated by the increase in resting calcium level of astrocytes. Importantly, hemichannel activation led to the release of ATP and glutamate that contributed to maintain a high calcium level in astrocytes placing them in the center of a vicious circle. The astroglial targeted connexin43 gene knocking-out in APP swe /PS1 dE9 mice allowed to diminish gliotransmitter release and to alleviate neuronal damages, reducing oxidative stress and neuritic dystrophies in hippocampal neurons associated to plaques. Altogether, these data highlight the importance of astroglial hemichannels in AD and suggest that blocking astroglial hemichannel activity in astrocytes could represent an alternative therapeutic strategy in AD.
In Alzheimer's disease (AD), the histopathological hallmarks are amyloid-β (Aβ) deposition, neurofibrillary tangles, progressive neuronal suffering and synaptic loss in selective brain areas. 1 An invariant feature is the reactive gliosis associated to Aβ plaques 1 where activated microglia are recruited and astrocytes exhibit a morphofunctional remodeling modifying their interactions with neurons. 2 Indeed, glial cells are increasingly considered as important players in neuropathological processes challenging the neurocentric view of brain diseases, [3] [4] [5] [6] but how glial changes contribute to the pathological processes requires further investigation.
In human AD brain 7, 8 and murine models of familial AD (FAD), 9 we previously showed that the expression of astroglial connexins (Cxs), Cx30 and Cx43, is increased in the reactive astrocytes surrounding plaques. Cxs are transmembrane proteins forming hemichannels (HCs) which, by docking between adjacent cells, constitute intercellular gap junction channels. 10 The latter underly the astroglial network organization that enables small molecule diffusion to distant cells and contributes to K + and glutamate buffering and metabolic trafficking. 11 Interestingly, in two FAD models, gap junctional communication was enhanced or unchanged compared with control mice, 12, 13 suggesting that the presence of Aβ has no major impact on signal diffusion within the astroglial network. Cxs can also work as HCs allowing exchanges between the cytoplasm and the extracellular medium.
14 Increasing evidence indicates that HCs formed by Cxs or by another family of proteins, the pannexins (Panx) 15 have important roles in pathological situations. [16] [17] [18] HC openings can be triggered in astrocytes after Aβ treatment or in inflammatory situations, [19] [20] [21] [22] both occurring in AD. Such activation leads to ATP and glutamate release with neurotoxic effects. 21 Interestingly, Cx43 HCs were proposed as a source of ATP release in a FAD model. 23 Therefore, we asked whether Cx channel functions, noticeably HC function, are impacted in astrocytes of Alzheimer's mice and what are the consequences on neurons.
We have used a FAD model, the APP swe /PS1 dE9 mice (named APP/PS1), 24 in which we found that gap junctional communication remained similar to that of wild-type (WT) mice and that HCs were chronically activated in all hippocampal astrocytes of mice bearing Aβ plaques. They were predominantly composed of Cx43 whose openings were triggered by high intracellular Ca 2+ concentration ([Ca 2+ ] i ). Pannexin1 was also a minor HC contributer restricted to astrocytes contacting plaques and triggered by inflammation. HC activation contributed to maintain high [Ca 2+ ] i within astrocytes and allowed for gliotransmitter release that likely led to neuronal suffering. The latter was significantly reduced in APP/PS1 mice with an astroglial Cx43 deletion, opening the way for targeting Cx HCs to alleviate neuronal damages in AD.
Results
Gap junctional communication is not modified in APP/ PS1 astrocytes. The APP/PS1 mice used in our experiments accumulate Aβ plaques with age in the cortex and the hippocampus (Figure 1a) . The astroglial phenotype differed showing no significant differences between the two genotypes (ns, not significant; unpaired Student's t-test; mean ± S.E.M., WT n = 8; APP/PS1 n = 9; WT+CBX n = 7; APP/PS1+CBX n = 3) according to their proximity to Aβ plaques, allowing to distinguish two populations (Figure 1b ): reactive astrocytes contacting plaques with widened processes and enhanced GFAP staining defined as 'close', and astrocytes located at ≥ 50 μm from plaques, named 'far' that showed neither signs of hypertrophy nor atrophy. We have compared gap junctional communication in hippocampal astrocytes of 9-month-old APP/PS1 and WT mice by using fluorescence recovery after photobleaching (FRAP) on brain slices loaded with SR101, a gap junction-permeant dye selectively taken up by astrocytes (Figure 1c ). The kinetics of FRAP in photobleached astrocytes were similar in APP/PS1 and WT mice ( Figure 1d ) and reached 68.1 ± 3.2% and 61.1 ± 4.3%, respectively, after 20 min (Figure 1e ). In both genotypes, around 40% of this recovery was inhibited by CBX. Moreover, FRAP was similar in astrocytes 'close' and 'far' (69.0 ± 4.6% and 70.0 ± 5.0%, respectively), indicating that astroglial gap junctional communication was maintained in APP/PS1 mice and unaffected by the reactive or non-reactive status of astrocytes.
Increased membrane permeabilization in APP/PS1 astrocytes. HC activation was analyzed in acute hippocampal slices using EtBr uptake assay. 25 First, EtBr fluorescent signal in GFAP-stained astrocytes nuclei, taken as an index of uptake, was examined in 9-month-old APP/PS1 and WT mice. This signal was faint in WT mice ( Figure 2a1 ) compared with the bright signal in APP/PS1 mice (Figure 2a2 ). In the latter, CBX reduced EtBr signal to WT level (Figure 2a3 ), indicating that most of dye uptake occurred through HCs. In addition, no unspecific uptake due to membrane damage in unhealthy cells was detected by using Ethidium homodimer (Figure 2a4 ). Then, EtBr fluorescence was quantified in young (2-month-old) and old (9-month-old) mice (Figure 2b ). In young WT and APP/PS1 mice without plaques, the fluorescent signal was low and unaffected by CBX. This was also true in old WT mice, although the fluorescent signal was higher. In contrast, in old APP/PS1 mice bearing plaques, EtBr signal was strongly increased in reactive astrocytes contacting plaques (close) and to a lesser extent in non-reactive astrocytes far from plaques ( Figure 2b) ; note that both were reduced to WT levels by CBX, confirming that HCs were activated in astrocytes.
To determine the molecular substrate of HC activity, we have used several HC blockers to discriminate between Cx and pannexin HC contribution 25 and quantified EtBr signal in reactive astrocytes contacting plaques and in non-reactive astrocytes distant from plaques. Carbenoxolone, which blocks both HC families, abolished EtBr uptake in astrocytes, whether 'far' or 'close' (Figure 2c ). The pannexin blockers, probenecid and 10 panx1, inhibited 36.4 ± 2.3% and 35.5 ± 2.6%, respectively, of EtBr uptake in astrocytes contacting plaques, but had no effect on astrocytes 'far'. Accordingly, EtBr uptake was strongly reduced by Cx blockers, La 3+ and Gap26, in astrocytes 'close' (75.4 ± 2.7 and 71.1 ± 4.0% inhibition) and quite abolished in astrocytes 'far' (89.5 ± 1.5 and 89.5 ± 1.1% inhibition). We have also examined whether HCs remained activated in older mice (15 months old, Supplementary  Figure 1) , in which the high plaque load precluded the distinction between close and far astrocytes because most of them contacted plaques and/or small Aβ deposits. In these cells, EtBr signal was nearly abolished by CBX (97.2 ± 0.6% inhibition), strongly reduced (74.9 ± 6.8 and 75.5 ± 2.5% inhibition) by Cx blockers, La 3+ ions and Gap26, and partially inhibited (39.5 ± 3.3%) by the pannexin blocker 10 panx1. Hence, their EtBr uptake profile was similar to that of reactive astrocytes close to plaques in younger 9-month-old APP/PS1 mice. Altogether, these data show that HCs are activated in all astrocytes of APP/PS1 mice bearing Aβ plaques with a major contribution of Cxs and a minor involvement of Panx1 in astrocytes contacting plaques.
Cx43 is the major contributor to HC activity in APP/PS1 astrocytes. Gap26, which targets Cx43, and La 3+ ions, which block all Cx HCs, had the same inhibitory effect on HCs in APP/PS1 astrocytes suggesting that Cx43 may be the main Cx involved. To verify this, two colonies of APP/PS1 mice were generated lacking either Cx30 through an ubiquitous deletion or Cx43 through an astrocyte-targeted deletion. EtBr uptake was measured in slices of 9-month-old mice of both genotypes ( Figure 3 ). The pharmacological profile of EtBr uptake was similar in astrocytes from APP/ PS1Cx30KO and APP/PS1 mice ( Figure 3a ): the EtBr signal was reduced by 89.5 ± 8.0% and 64.4 ± 6.8% by Cx blockers in astrocytes 'far' and 'close', respectively. In the latter, 30.9 ± 4.3% of the signal was blocked by 10 panx1. These results indicated that Cx30 was not involved in astroglial HC activity in APP/PS1 mice.
In mice lacking Cx43 in astrocytes (APP/PS1Cx43KO), the EtBr signal was hardly detectable in astrocytes 'far', representing 8.4 ± 2.6% of that measured in APP/PS1 astrocytes, confirming the major contribution of Cx43 to the HC activity ( Figure 3b ). In astrocytes contacting plaques, the low EtBr signal represented 33.1 ± 3.6% of that in APP/PS1 mice and was abolished by CBX or pannexin blockers indicating that it was mediated by Panx1 HCs. The residual EtBr signal detected in astrocytes 'far' was also abolished by CBX and pannexin inhibitors, likely resulting from gap junction-channelmediated propagation of the EtBr taken up by astrocytes 'close' through Panx1 HCs. Indeed, gap junctional communication was maintained in APP/PS1Cx43KO mice although reduced, compared with APP/PS1 mice (Supplementary Figure 2) . Altogether, these data showed that Cx43 HCs were activated in hippocampal astrocytes of APP/PS1 mice whatever their distance to plaques and Panx1 HCs were minor contributors restricted to reactive astrocytes contacting plaques.
Mechanisms underlying HC activation in APP/PS1 astrocytes. To determine whether inflammation triggered HC opening in APP/PS1 astrocytes, brain slices of 9-month-old mice were acutely treated with minocycline that attenuates microglial activation: 26 indeed, microglia exhibited reduced Iba1 immunostaining and lost their activated morphology associated with plaques ( Figure 4a ). Also, IL-1β content was significantly reduced and TNFα tended to decrease (Figure 4b ). EtBr uptake was not affected by minocycline in astrocytes 'far' (Figure 4c ] i can result from Ca 2+ release from intracellular stores and/or Ca 2+ influx through activated membrane receptors, the effect of drugs acting on these two pathways was tested on astroglial [Ca 2+ ] i in APP/PS1 mice ( Figure 5d ). Inhibitors of the IP 3 pathway, U73122 and 2-APB, and of ryanodine receptors (dantrolene) significantly reduced [Ca 2+ ] i towards WT levels. Also, inhibitors of mGluR5 receptors, MPEP or SIB1757, and of P2 purinergic receptors, suramin or PPADS, reduced [Ca 2+ ] i to the same extent. When HC activity was tested in the presence of each inhibitor, EtBr uptake was quite abolished (≥90% inhibition) in astrocytes 'far' (Figure 5e ) and reduced by 70% in reactive astrocytes contacting plaques (Figure 5f ). In the latter, Also, we examined whether gliotransmitter release resulting of HC activation 14 occurred in APP/PS1 mice. ATP released from brain slices was measured by bioluminescence. The amount of ATP released from APP/PS1 slices (13.7 ± 1.0 nmol/mg protein) was about twice that from WT (6.1 ± 1.1 nmol/mg protein) (Figure 6b ) and was reduced to WT levels by CBX or Gap26 (6.1 ± 1.4 and 7.0 ± 1.0 nmol/mg protein, respectively). The peptide 10 panx1 reduced ATP release to a lesser extent (8.5 ± 1.4 nmol/mg protein). Finally, the amount of ATP released from APP/PS1Cx43KO and WT slices was similar, confirming that activated Cx43 HCs contributed to ATP release in APP/PS1 mice.
L-Glutamate release was evaluated in similar samples by measuring its respective content in the extracellular medium and the slices, then by calculating their ratio as an index of release (Figure 6c ). Glutamate release was higher in APP/PS1 than in WT mice and was strongly reduced by CBX (66.7 ± 15.7%), Gap26 (93.6 ± 4.9%) and 10 panx1 (80.1 ± 5.5%). The level of glutamate release from APP/ PS1Cx43KO mice was reduced (48.5 ± 15.4%) compared with APP/PS1 mice and returned to WT level.
Finally, contrary to ATP and glutamate, GABA release ( Figure 6d ) was not significantly affected by CBX or mimetic peptides and was equivalent in all genotypes.
The lack of astroglial Cx43 prevents neuronal damage in APP/PS1 mice. As gliotransmitter release can be neurotoxic, neuronal suffering was compared in 9-month-old APP/PS1 and APP/PS1Cx43KO mice by testing two parameters reflecting neuronal damage. First, the oxidative stress was examined in hippocampal neurons using the mitochondrial superoxide indicator MitoSOX in living slices. A bright fluorescent signal was detected in the pyramidal cell layer of APP/PS1 but not WT mice (Figure 7a) , indicating an accumulation of superoxide anions in AD mice neurons as previously reported. 29 In contrast, the MitoSOX signal was hardly detectable in APP/PS1Cx43KO hippocampal neurons like in WT mice (Figure 7b) . Interestingly, such reduction of oxidative stress was not observed when APP/PS1 slices were acutely treated with Gap26, indicating that a short-term HC block was not sufficient to reduce neuronal suffering. Second, another characteristic of neuronal damage is the presence of neuritic dystrophies associated with plaques. 1, 30 They were examined in brain sections from APP/PS1 and APP/PS1Cx43KO mice immunostained for Aβ and RTN3, a marker of dystrophic neurites in AD. 31 Bright RTN3 immunoreactive bulbous structures typical of dystrophic neurites (RIDNs) were detected within and around plaques in both genotypes. However, in APP/PS1Cx43KO mice, RIDNs were less abundant in large dense core plaques and rarely present in small plaques (Figure 7c) . A highly significant reduction (49.4 ± 1.7%) of RIDNs was found in APP/PS1Cx43KO compared with APP/PS1 mice (Figure 7d ). Such reduced neuronal damage occurred although the density and size of Aβ plaques was not significantly different between both genotypes: 290 versus 270 plaques/mm 2 of brain area among which 50 versus 48 large plaques/mm 2 (diameter ≥ 20 mm) in APP/PS1 and APP/PS1Cx43KO mice, respectively (Supplementary Figure 3) . Altogether, these observations indicate that the lack of Cx43 in astrocytes and the resultant reduction in HC activity and gliotransmisson significantly attenuate neuronal damage in APP/PS1 mice. 
Discussion
In the present study, we have used a non-aggressive murine model of FAD to examine Cx channel functions in hippocampal astrocytes. Most analyses were performed in 9-month-old mice, when amyloid plaques are scattered enough to analyze Cx functions both in reactive astrocytes contacting plaques and non-reactive astrocytes located far away.
First, we have shown that gap junction channel function was similar in hippocampal astrocytes of APP/PS1 and WT mice, confirming observations reported in other FAD models. 12, 13 Interestingly, gap junction-mediated communication was not affected by the proximity of astrocytes to Aβ plaques where clustered activated microglia represent a source of inflammatory cytokines. Such observation contrasts with the reduced gap junctional communication of astrocytes acutely treated with proinflammatory cytokines 19 (but see Abudara et al. 22 ) or after an in vivo inflammatory insult induced by a brain abscess. 20 Interestingly, in the latter situation, gap junctional communication decreased only in the inflammatory nidus but remained normal in regions away from the abscess.
Second, we revealed that Cx43 HCs were chronically activated in hippocampal astrocytes when Aβ plaques are present, whatever their distance from the plaques. However, HC activation was prominent in the astrocytes contacting plaques, which is in line with their higher Cx43 content [7] [8] [9] and (e-g) Quantification analysis of EtBr uptake in astrocytes far (e) and close (f and g) to plaques in the presence of these agents to which Panx blocker probenecid (g, left) or minocycline was added (g, right) that prevented Panx1 HC triggering. In both conditions, EtBr uptake was abrogated in astrocyte-contacting plaques. (***Po0.001, versus CTL; ANOVA Dunnett's test; mean ± S.E.M., n = 3) the contribution of Panx1 HCs. Although the issue of the molecular nature of astroglial HCs was highly debated, accumulating evidence indicates that both families of HC-forming proteins can be activated in astrocytes: Cx43 in response to Aβ treatment, 21 ischemia-like conditions 32 or inflammation, 19, 33 and Panx1 HCs triggered by P2X7 receptor stimulation, elevated K +34 or inflammation. 20 Their relative contribution likely depends on the triggering event, timing after injury or inflammatory context. Our data provide further evidence that the nature of activated HCs in astrocytes depend on their local environment.
In this context, it is worth noting that Cx and pannexin HC activation were driven by different mechanisms in APP/PS1 mice. Inflammatory signals triggered Panx1 HCs solely in astrocytes contacting plaques where activated microglia are concentrated. 30 We cannot exclude that other stimuli in the plaque microenvironment participated in Panx1 HC openings. A local elevation in extracellular K + resulting from neuronal hyperexcitability nearby plaques 35 could also promote Panx1 openings as reported in culture. 36 Also, ATP could trigger Panx1 HC openings by activating P2X7 receptors whose expression is increased in reactive glia nearby plaques. 37 In contrast, the main parameter underlying Cx43 HC opening in APP/PS1 mice was the increased [ 23 However, we cannot exclude that other Ca 2+ -dependent pathways participate in such gliotransmitter release. In contrast, GABA release was not significantly affected in APP/ PS1Cx43KO mice confirming that it occurred through a pathway independent of HC activation. 45 The genetic suppression of Cx43 in APP/PS1 astrocytes allowed to reduce [Ca 2+ ] i as well as extracellular ATP and glutamate levels to WT levels, highly suggesting that the chronic activation of Cx43 HCs sustains this vicious circle in astrocytes.
The chronic gliotransmitter release involving activated HCs can have multiple consequences on neurons, deleterious and/or protective. First, an excess of extracellular glutamate could act on neuronal NMDA receptors, in particular extrasynaptic receptors, and contribute to dysregulate neuronal Ca 2+ homeostasis and promote synaptic loss. 46 Neuronal Ca 2+ overload has numerous downstream deleterious consequences including structural neuritic alterations 47 and increased oxidative stress, occurring early in AD. 48 Indeed, in APP/PS1 mice, oxidative stress was triggered in dystrophic neurites nearby plaques and propagated into the cell body leading to caspase-dependent death in some vulnerable cortical neurons. 49 Second, an excess of ATP can also stimulate ionotropic (P2X) and metabotropic (P2Y) receptors that mediate multiple functions in brain cells. By activating P2X7 receptors in astrocytes and microglia, ATP could favor the rapid release of IL-1β, which is potentially neurotoxic. 50 It might also act directly on neuronal purinergic receptors However, in the APP/PS1 mice used, no overt neuronal loss was reported except in few cortical neurons. 49 This suggests that, despite elevated ATP and glutamate levels, compensatory neuroprotective mechanisms take place to prevent neuronal death. Pleiotropic neuroprotective effects of ATP were reported upon P2Y receptor activation. 51 For example, astroglial P2Y1 receptor activation can induce the release of the neuroprotective IL-6, 52 while P2Y2 receptor activation can trigger α-secretase and promote growth factor release and APP cleavage towards a soluble neuroprotective ectodomain sAPPα. 53 P2X7 receptor activation can also promote sAPPs formation. 54 In addition, ATP can convert into adenosine whose binding to A1 receptors stimulates PKC and increases sAPPα formation. Finally, glutamate also can sustain neuronal survival by triggering mGluR3 receptors leading to the release of the neuroprotective TGFβ and of sAPPα. 55 Consequently, there is likely a balance between prosurvival and prodeath signaling in neurons that mitigates the neurodegenerative processes and prevents the last steps of neurotoxicity leading to death.
In conclusion, in FAD mice, functional changes in astrocytes can affect their interactions with neurons. The chronic activation of astroglial HCs shown here contributes to maintain a high [Ca 2+ ] i in astrocytes that allows a sustained gliotransmitter release, which posit astrocytes as amplifiers of toxicity that participate with other actors in neuronal injury. The lack of Cx43 in astrocytes significantly reduces neuronal suffering in APP/PS1 mice. Cx43 HCs being accessible via the extracellular medium may represent interesting targets to design tools susceptible to alleviate neuronal damages.
Materials and Methods Animals. APP swe /PS1 dE9 24 and C57Bl/6 mice were obtained from Jackson Laboratories (Bar Harbor, ME, USA); APP swe /PS1 dE9 Cx30 − / − mice and APP swe /PS1 dE9 -Cx43fl/fl-GFAP/cre mice were generated in the SPF animal facility of the Collège de France by crossbreedings APP swe /PS1 dE9 with Cx30 − / − and GFAP-creCx43fl/fl, respectively. Experiments were performed on mice of either sex according to the European Community Council Directives (2010/63/UE). Acute brain slices. Acute brain hemisphere slices (300 μm) were cut on a vibroslicer and transferred to a holding chamber where they rested on a nylon mesh, submerged in oxygenated artificial cerebrospinal fluid (ACSF) at room temperature (RT) for a stabilization period of 60 min. The ACSF solution contained (in mM): NaCl (125); KCl (2.5); NaHCO 3 (25); NaH 2 PO 4 (1.25); glucose (25); MgCl 2 (1); CaCl 2 (2).
Dye uptake in acute brain slices. Acute slices were incubated with the HCpermeable fluorescent tracer Ethidium bromide (EtBr, Sigma-Aldrich, St Quentin Fallavier, France) for 10 min at 4 μM final concentration at RT. To determine the sensitivity of EtBr uptake to Cx or pannexin HCs blockers, slices were preincubated in ACSF supplemented with each blocker during 15 min prior to dye application. The blockers used were: carbenoxolone (CBX, 200 μM), La 3+ ions (400 μM), probenecid (1 mM) or mimetic peptides targeting Cx43 or pannexin1, Gap26 (0.3 mg/ml) and 10 panx1 (0.5 mg/ml), respectively, and pannexin1 scrambled peptide (0.5 mg/ml) for control. Following EtBr incubation, slices were rinsed three times in ACSF, fixed for 1 h in 4% paraformaldehyde and processed for immunostainings.
Fixed slices were preincubated in PBS containing 0.2% gelatin and 1% Triton-X100 (PBS*) for 30 min two times, and then incubated overnight at 4°C in primary antibodies diluted in PBS*. Mouse or chicken antibodies anti-GFAP (1:500, SigmaAldrich and ABCAM, Cambridge, UK), rabbit anti-Aβ (1:1000, Life Technologies, Thermo-scientific, France) and rabbit or goat anti-Iba1 (1:500, Wako, Neuss, Germany) were used to detect astrocytes, Aβ deposits and microglia, respectively. After 2 × 30 min washes in PBS*, sections were incubated for 2 h at RTwith a mixture of Alexa-conjugated appropriate secondary antibodies (diluted in PBS* 1:2000, Molecular Probes, Eugene, OR, USA), washed and mounted in Fluoromount (Southern Biotechnology, Birmingham, AL, USA). These slices were examined at × 40 with a confocal laser scanning microscope SP5, (Leica, Wetzlar, Germany). Four images covering CA1 to CA3 hippocampus were captured for each experimental condition. Stacks of 22 consecutive confocal images taken at 0.5-μm intervals were acquired sequentially with three lasers (argon 488 nm, 561 nm for EtBr and 647 nm).
EtBr fluorescent signal in astrocyte nuclei was analyzed using Mac Imaris 7.4.0 software. Cells that satisfied the following criteria were considered as EtBr + astrocytes: (i) cells positive for GFAP; (ii) cells whose nuclei exhibited EtBr fluorescence intensity above the threshold defined in areas outside nuclei and (iii) cells whose nuclei volume was4100 μm 3 (diameter ≥ 6 μm) to eliminate incomplete objects. Counts were carried out for 200 cells per condition. First, the percentage of EtBr + astrocytes was calculated among the population of GFAP + cells. Then, the fluorescence intensity per nucleus and the volume of the nuclei of EtBr + astrocytes were measured. The mean fluorescence intensity of the population of EtBr + astrocytes per experimental condition was then calculated. EtBr uptake for each condition was determined by taking into account the percentage of EtBr + astrocytes and their mean fluorescence intensity. Finally, the EtBr uptake ratio in each condition was normalized to the control condition.
Fluorescence recovery after photobleaching (FRAP).
To evaluate gap junction function, we have used FRAP to measure cell-to-cell exchange of a fluorescent diffusion tracer, 25, 56 sulforhodamine-101 (SR101) that is selectively taken up by astrocytes and passes through gap junctional channels. 57 Acute brain hemisphere slices of 9-month-old WT, APP/PS1 and APP/PS1Cx43KO mice were prepared as described above. They were then incubated in 1 μM SR101 at 37°C for 30 min. After 20 min wash in ACSF, the slices were placed in the stage of a confocal microscope and perfused with oxygenated ACSF during the whole experiment. Acquisitions were performed using a Leica × 25, NA = 0.95, water immersion objective on a Leica SP5 MP microscope controlled by the Leica Acquisition Software. After excitation with the 561 nm line of laser, a baseline fluorescence was collected every 25 s during 200 s. Then, the laser scanning was restricted to a square (15 μm × 15 μm) covering the whole cell body of the target astrocyte with a zoom × 3. Fifteen pulses of light at full power of the laser were applied to bleach this target area. Then, the normal recording configuration was reestablished and fluorescence recovery was recorded every 25 s during 20 min. Images were analyzed offline: the mean fluorescence intensity of astrocyte cell body was measured with Image J software. F 0 was regarded as the first value of the baseline recording. The fluorescence intensity of each timepoint was normalized to F 0 and then expressed as percentage of F 0 (F t /F 0 %). The percentage of recovery was calculated by using the plateau value (the average of the last six values of the recording) subtracting the value of the first time point after photobleaching. All studies were performed at 45 μm below the surface to ensure that the cells of interest had not been damaged during preparation. Carbenoxolone, which inhibits gap junction channels, was used as a negative control in these experiments.
TNFα and IL-1β measurements by ELISA. Brain hemisphere slices from 9-month-old APP/PS1 mice (300 μm, two slices for each condition) were treated or not with minocycline (50 nM, Sigma-Aldrich) during 2 h, transferred into tubes, frozen and stored at − 80°C until processing. Slices were immersed in ice-cold lysis buffer containing (in mM) Tris-HCl 50, NaCl 100, EDTA 2, 1% Triton-X100 and 1% protease inhibitor cocktail (Sigma-Aldrich), and sonicated for 10 s. Samples were centrifuged at 13 200 r.p.m. for 20 min at 4°C and supernatants stored at − 80°C. A BCA kit (Thermo Scientific, France) was used for protein determination. Levels of TNFα and IL-1β in these samples were measured using ELISA kits (Invitrogen, Thermo-scientific, France) according to the manufacturer's protocol.
Calcium imaging. Acute brain hemisphere slices from 9-month-old mice were incubated for 60 min at 37°C in ACSF containing 0.02% Pluronic F-127 and Fluo-4 AM (5 μM, Molecular Probes), a calcium indicator specifically loaded in astrocytes. 58 In some experiments, astrocytes were also identified by their ability to take in SR101. For that, acute slices were incubated for 20 min at 34°C in ACSF solution containing 1 μM SR101, washed and processed as above for Fluo-4 AM loading. Fluo-4 AM-loaded slices were further treated with different agents separately: BAPTA-AM (25 μM) during 45 min, and antagonists of phospholipase C (U73122, 5 μM, Tocris, Bristol, UK), IP3R (2-APB, 100 μM, Tocris), Ryanodine receptor (RyR) (dantrolene, 30 μM, Tocris), mGluR5 (MPEP 10 μM and SIB1757 50 μM, Tocris) and purinergic receptors (PPADS 100 μM and suramin 100 μM, Tocris) during 30 min. Then, slices were transferred on the stage of a two-photon microscope and Ca 2+ measurements were carried out. Fluo-4 AM was excited at 910 nm, using a pulsed Maitai (Spectra Physics, Evry, France) laser. Emitted fluorescence was detected using two non-descanned detectors, with a 525/50 nm filter. Acquisitions were carried out with a Leica × 25, NA = 0.95, water immersion objective (with a zoom × 1.5) on a Leica SP5 MP microscope controlled by the Leica Acquisition Software. When SR101 was used, it was excited at 760 nm and the emitted fluorescence was detected using a 585/40 nm filter. Images were analyzed offline: the mean fluorescence intensity of astrocyte soma reflecting the resting Ca Determination of L-glutamate and GABA levels by commercial laser-induced fluorescence capillary electrophoresis. Extracellular levels of L-glutamate and GABA were determined from acute brain hemisphere slices of 9-month-old mice (two slices/tube/condition, in five mice per genotype) incubated in 1 ml oxygenated ACSF as described. 59 Slices were treated with HC blockers during 150 min; samples of extracellular medium were collected, directly frozen in liquid nitrogen and stored at − 80°C. Intracellular levels of L-glutamate and GABA in slices were also analyzed. Briefly, pooled slices were deproteinized by addition of cold trichloroacetic acid to a 5% final concentration. The suspension was centrifuged at 16 800 × g for 10 min; the trichloroacetic acid was extracted from the supernatant with water-saturated diethyl ether and stored at − 80°C. Samples were analyzed with a commercial laser-induced fluorescence capillary electrophoresis (capillary electrophoresis: Beckman Coulter (Villepinte, France), P/ACE MDQ; laserinduced fluorescence: Picometrics (Labège, France), LIF-UV-02, 410 nm 20 mW) as following: samples were processed for micellar commercial laser-induced fluorescence capillary electrophoresis and were fluorescently derivatized at RT for 60 min with napthalene-2,3-dicarboxaldehyde before being analyzed by CE using a hydroxypropyl-β-cyclodextrin based chiral separation buffer. All electropherogram data were collected and analyzed using Karat 32 software v8.0 (Beckman Coulter). Further analysis was made using GraphPad Prism 4.03 software.
The extracellular and intracellular amounts of L-glutamate and GABA were normalized to the protein content determined from pooled slices using the BCA kit. The quantity of L-glutamate and GABA in the samples was determined from a standardized curve while peak identification was made by spiking the fraction with the amino acid. Determination of ATP extracellular levels by bioluminescence. Extracellular levels of ATP were determined from acute brain hemisphere slices of 9-month-old mice (two slices/tube/condition, five mice per genotype) incubated in 1 ml oxygenated ACSF. After equilibration, slices were treated or not with HC blockers during 30 min in the presence of an ectonucleotidase inhibitor, 6-N,N-diethyl-β-γ-dibromomethylene-D-adenosine-5-triphosphate FPL 67156 (ARL 67156 trisodium salt, Tocris) to inhibit ATP hydrolysis. Then, samples of extracellular medium were collected and extracellular ATP was directly measured using the luciferin-luciferase bioluminescent assay (ATPLite kit, Perkin Elmer, Waltham, MA, USA). Each condition was run in triplicate. Luminescence was measured using a luminometer (Berthold Technologies, Thoiry, France) according to the manufacturer's instructions. The extracellular ATP was normalized to the protein content determined from pooled brain slices by BCA kit (as above).
Immunohistochemical stainings. Cryostat sections (15 μm) prepared as previously described 9 were fixed 30 min at RT with 4% paraformaldehyde, washed in PBS, treated 10 min with 70% formic acid (when mouse anti-Aβ clone 4G8 wad used) and preincubated in PBS containing 0.2% gelatin and 0.25% Triton-X100 (PBS**) for 30 min. Sections were then processed for immunostaining by overnight incubation at 4°C with primary antibodies including rabbit anti-Aβ (1:1000, Life Technologies) and mouse anti-GFAP (1:500, Sigma-Aldrich) or mouse anti-Aβ (clone 4G8, 1:500) and rabbit anti-RTN3 (R458, 1:1000) diluted in PBS**, washed in PBS** and incubated in secondary goat anti-rabbit and anti-mouse IgG antibodies conjugated with different Alexa FluoR (Molecular Probes) diluted 1:2000 in PBS**. Sections were washed, mounted in Fluoromount and examined with a confocal microscope.
Quantification of RTN3 immunoreactive dystrophic neurites. RTN3 immunoreactive dystrophic neurites (RIDNs) were quantified as previously described with slight modifications: 60 stacks of 30 consecutive optical sections (0.5 μm each) were captured with a × 40 objective and Z maximal projections reconstructed with the Leica software. For each mouse (four age-matched mice per genotype were used), six brain sections every 120 μm were stained and quantified. In each brain section, four maximal projection images were captured randomly in the cortex and hippocampus. Image J Software was used to quantify the area of RIDNs at the level of Aβ plaques. Typically, the signals of RIDNs were bright, while cell staining by RTN3 antibodies was dim. RIDNs contained within Aβ plaque areas were selected for quantification. Percentage of RIDNs area was calculated by dividing the total RIDNs area by the total area occupied by Aβ plaques in each mouse.
Detection of mitochondrial superoxide in acute brain slices. Living brain hemisphere slices from 9-month-old mice were incubated with MitoSOX Red, a mitochondrial superoxide indicator (Life Technologies), 5 μM in ACSF for 10 min. Slices were then fixed with 4% paraformaldehyde at 4°C for 1 h. After washing and permeabilization in PBS*, slices were further incubated with TO-PRO-3 Iodide (diluted in PBS* 1:2000, Life Technologies) at RT for 10 min, rinsed and mounted onto slides with fluoromount. The slices were examined using a Leica SP5 confocal microscope with a × 40 objective. Stacks of 22 consecutive confocal images taken at 0.5-μm intervals were acquired sequentially with two lasers (561 nm for MitoSOX and 647 nm for TO-PRO). All parameters were held constant for all the sections. Four images covering the pyramidal layer visualized with TO-PRO nuclear staining in CA1 hippocampal formation were captured for each mouse (three age-matched mice per genotype). Image J Software was used to quantify the mean fluorescence intensity in the pyramidal cell layer.
Statistical analysis.
Values are presented as mean ± S.E.M.; n corresponding to the number of independent experiments. Statistical analysis was performed on raw data with Graphpad software using one-way analysis of variance followed by Dunnett's test or via a two-tailed Student's t-test. The level of significance was set at Po0.05. Graphics were prepared using GraphPad prism (Northampton, MA, USA).
